Abstract: Although tissue and cell manipulation nowadays is a common task in biomedical analysis, there are still many different ways to accomplish it, most of which are still not sufficiently general, inexpensive, accurate, efficient or effective. Several problems arise both for in vivo or in vitro analysis, such as the maximum overall size of the device and the gripper jaws (like in minimally-invasive open biopsy) or very limited manipulating capability, degrees of freedom or dexterity (like in tissues or cell-handling operations). This paper presents a new approach to tissue and cell manipulation, which employs a conceptually new conjugate surfaces flexure hinge (CSFH) silicon MEMS-based technology micro-gripper that solves most of the above-mentioned problems. The article describes all of the phases of the development, including topology conception, structural design, simulation, construction, actuation testing and in vitro observation. The latter phase deals with the assessment of the function capability, which consists of taking a series of in vitro images by optical microscopy. They offer a direct morphological comparison between the gripper and a variety of tissues.
Introduction
Tissue and cell manipulation is a complex task that currently represents an open problem in the rapidly-changing context of bio-engineering. presented in this paper is based on this hinge and offers a number of advantages, like the possibility of adopting rotary comb drives as the actuation system, the intrinsic high rotation precision and low stress levels in the flexible elements.
The present paper is the result of the collaborative work of a multidisciplinary team composed of researchers with different backgrounds. This cooperation made it possible to integrate all stages of the device development: topological and conceptual design, actuation, construction and prototyping, testing and ethical aspects. The following paragraphs are dedicated to these different aspects of the device development.
Design of a CSFH Silicon Micro Gripper
The first stage of construction consists of the topological and functional synthesis. Usually, the topological synthesis is performed by means of graph theory [22, [48] [49] [50] [51] [52] [53] , while functional synthesis is performed by means of classical methods of kinematic synthesis for infinitesimal or finite motion [54] [55] [56] . Depending on the application, three classes of problems can be defined: function generator, rigid body guidance and path generator. Firstly, the devices are designed as standard mechanisms with classical joints, in particular revolute joints (hinges). After the generation of a feasible solution, a compliant mechanism is created starting from the essential information contained in the traditional mechanism. This task represents the reverse approach to the typical problem of generating a pseudo-rigid-body model from a compliant mechanism. According to this methodology, rather than applying optimization techniques to the morphological characteristics of the compliant mechanism, a kinematic synthesis problem can be solved by means of the classical methods of kinematics.
The mechanical device presented in this paper is the result of a long evolutionary design process. After preliminary works [57] [58] [59] [60] [61] [62] , a new concept CSFH was introduced [63] with the purpose of extending freedom in MEMS design. This hinge consists of a pair of pseudo-rigid bodies, which are in contact along a portion of conjugate circular surfaces and which are joined together by means of an elastic beam (linear, circular or with other shape), which has the following peculiar property:
The center of its elastic weights is positioned in the center of the circular arc which represents the conjugate surfaces.
In this way, two effects are obtained:
• The motion of the compliant mechanism (equipped with CSFHs) is very similar to the motion of the classical mechanisms that have been synthesized by means of the well-known kinematic methods; • The overall stress is minimized in the flexible element.
The developed gripper consists of one on-chip, single block, MEMS device, which makes use of two CSFHs. Further details about CSFH, concerning more specific subjects, such as dimensioning and construction, can be found in previous contributions [47, 64, 65] . In the present paper, the CSFH has been adopted in order to build the new gripper, whose corresponding mask is reported in Figure 1 . In this first layout, the peculiarity of the device consists of the adoption of the CSFH hinge, which is able to work with as good an approximation as a normal revolute joint. 
Simulation
After the conceptual design stage and before constructing the wafer mask, device simulation is a necessary step to ascertain if the system is able to fulfill all of the requirements. In the present investigation, a commercial finite elements analysis (FEA) package (ANSYS) has been adopted to evaluate the static response of the microgripper to the action exerted by the radial comb drive.
With reference to Figure 2a , a fixed support is introduced on the bottom left part of the structure, to simulate the clamping effect of the silicon oxide layer. The actuator action is modeled as a series of electrostatic forces F, schematically represented in the figure, each one acting perpendicularly to the free-end section of the movable finger and having magnitude equal to [66] :
where is the dielectric constant of the air, h is the thickness of the finger, g is the radial distance between the movable and fixed finger and V is the applied voltage. Figure 2a shows the generated mesh, composed of 27,123 nodes and of 20,955 elements. The mesh is properly refined in the constant curvature beam and in the fingers' regions, as shown in Figures 2c,d , respectively. A multi-step simulation is conducted, considering an applied voltage ranging from 4 to 40 V, by steps of 4 V. An additional simulation is conducted for an applied voltage equal to 11 V. For each voltage value, the force acting on the finger is calculated by means of Equation (1), by a total of 56 fingers. Nonlinearity due to large deflections is considered in the analysis setup. Anisotropic silicon is selected as the material, and an anisotropic formulation of elasticity is considered [67] . Figure 2b shows the total displacement corresponding to the last step of the simulation (40 V). Figure 3 shows the von-Mises equivalent stress distribution corresponding to the final step of the simulation (40 V). While the constant curvature flexure presents the highest stress values (Figure 3b ), the major part of the structure shows stress values close to zero (Figure 3a) . Then, assuming equal to zero the deformation of the free-end section of the jaw, it is possible to consider the displacement of the section as a rigid displacement. Under this assumption, and with reference to Figure 4 , the coordinates of the center of rotation C r are given by [68] :
where x i , y i , are the coordinates of the tip point P (the mid-point of the free-end section) attached to the rigid jaw in the neutral (P 1 ) and deformed (P 2 ) configurations and θ i , represents the body orientation in the two mentioned configurations. The origin O of the local reference frame R{O, x, y, z} is positioned on the center of the elastic weights of the flexures. By iterative FEA simulations, it is possible to obtain a map of the different positions of the tip point P for the set of the applied voltages. Figure 5 shows a portion of the workspace where such points are reported. By setting a new reference frame for the analyzed planar spot for which P = {0, 0, 0} for V = 0, it becomes evident that the smallest displacements correspond to small values of the voltage. In Figure 5 , the red dotted line represents the theoretical path of point P. It is worth noticing that this curve is a very good approximation of an arc whose center is positioned in correspondence to the center of rotation C R and whose radius coincides with the oriented segment C R P.
Considering the position of the center C R of the finite rotation of the jaw and according to the assumption on which the CSFH is based, the most desirable outcome would be a null displacement of such a point: this would imply that the body rotates around a fixed rotation center. However, this ideal feature is not intrinsic for a flexure hinge, because it is difficult, in most cases, to maintain C R , even in a restricted region. Anyway, for the highest tension levels, the center C R changed its position by less than 2 µm. The force exerted by the fingertip during manipulation can be easily controlled by means of the applied tension. In fact, a previous investigation [65] led to the validation of both a theoretical and a numerical approach to the simulation of the gripping force under quasi-static conditions.
Technological Process Design and Actual Construction
Based on previous work and on the actual state of the art, the research group has decided to adopt a combined surface and bulk micro-machining technique applied on silicon on insulator (SOI) wafers.
The SOI wafers are often used for micro-electro-mechanical systems (MEMS) to obtain suspended structures, like cantilevers or resonators. In fact, the SOI frame is composed of a top layer of silicon, called the device layer, a middle layer of silicon dioxide, called the buried oxide (BOX), and a bottom layer, called the handle layer.
In this investigation, the devices were obtained as monolithic silicon-compliant mechanisms, with suspended and clamped parts. Two pads were used for the actuation of the rotary comb-drives. Four inch SOI wafer were selected with the following characteristics:
• Device layer thickness of 40 µm; • Buried SiO 2 thickness of 2 µm; • Handle wafer thickness of 475 µm.
This kind of substrate suites our purposes very well and allows the realization of suspended structures by etching, separately, both the device and the handle silicon layers and, then, removing the buried oxide film. In this way, the top silicon parts resulted in being not in contact with the bottom parts.
The process sequence is based on Bosch process of DRIE (deep reactive ion etching). The full realization has been carried out at FBK-MNF. SOI wafers were provided by Semiconductor Wafer Inc (SWI, Hsinchu, Taiwan). The corresponding technological steps are represented in Figure 7 and are herein briefly resumed for the sake of completeness.
• The first step is the deposition of one 200 nm-thick layer of aluminum on both wafer sides by magnetron sputter deposition. An Eclipse sputter Physical Vapour Deposition (PVD) machine (OEM Group, Phoenix, AZ, USA) has been used at room temperature (Figure 7a ).
• A 750 nm-thick photoresist layer is deposited on the aluminum front layer by spin coating (OIR674, Fujifilm, Tokyo, Japan).
• The third step consists of positioning the photolithographic mask, which contains the desired pattern, between the wafer and the UV source in order to perform the exposure (exposure tool: Karl Suss MA150 mask aligner (SUSS MicroTec, Garching, Germany) ).
• The mask features are transferred on the sample by photoresist development by using an EVG E110 spin process tool (EV Group, Suben, Austria). Some preliminary test have shown the presence of the following problems:
• Loading effects, due to the great difference between opening areas, plasma etching shows the limitations of etching homogeneity with respect to openings dimensions; • Grass, unwanted silicon spikes due to resilient particles masking on the bottom of the etching cavity; • Scalloping, a characteristic roughness of the vertical surfaces produced by the two phases of the Bosch-type DRIE process.
The first problem has been solved by redesigning the photolithographic masks to reduce the opening areas exposed to the DRIE etching.
The second one has been solved by optimizing the reactive gas composition. The third one is yet under study, and it is aimed at reducing the scalloping gap profile. Once the realization was concluded, devices were separated from the wafer for the test stage.
One of these sample prototypes has been analyzed with SEM, and the results are reported in Figure 8 . 
Experimental Testing on Prototype Samples
The realization process, because of the reduced microgripper dimension, yields a large number of devices ready to undergo testing procedures. At this point of the work, tests are mainly focused on evaluation of the feasibility of the comb drives and of the whole structure. For this purpose, they have been accurately positioned in a phase shifting interferometry profilometer equipped with both digital data acquisition and a micro-positioning tool. Contact pads of the devices under test have been wired to the external measurement circuit, which provides device controls. Actuation requires the setting of simple parameters, such as voltage and current. By applying a variable voltage, the clamping and releasing motion could be registered into a file. The image reported in Figure 9a is obtained by overlapping the neutral and most deflected configurations of the microgripper. During the test, jaw rotations could be measured, and some contact problems have been observed, due to the very narrow gaps between the fingers of the comb drive. The acquisition system provides more detailed images, such as reported in Figure 9b , thus giving the possibility to extract the positions of the tip point as a function of the applied voltage to the comb drive. These displacements of the tip point P (defined in Section 3) have been experimentally measured at different applied voltages and compared to those obtained by using finite element analysis. The result of this comparison is reported in Figure 10 , where the simulated point P displacement (blue squares) is reported together with the experimental one (red circles) for three different voltage values (4, 8, 11 V). According to Figure 10 , the tip displacements experimentally obtained using eight and 11 V were larger than those calculated via FEA. One possible explanation consists of a reduction of the nominal bending stiffness of the beam, due to some critical DRIE process parameters. For example, sulfur hexafluoride flow rate and the ratio of etching to passivation cycle time can produce wide opening trenches [69] . Furthermore, side effects of the process, such as undercut and scalloping, can further reduce the width both of the comb drive fingers and of the flexible beam. The reduction of the finger width implies an increasing gap between the fingers (g) and then a reduction of the exerted force (F ∝ 1/g, Equation (1)). On the other hand, a reduction of the beam width (b) produces a reduction of the bending stiffness that results in a more compliant behavior of the structure (for beams with a rectangular cross-section, K = EI ∝ b 3 ). As a qualitative example, Figure 11 shows undercut and scalloping effects on the vertical walls of the comb drive fingers. 
Morphological Analysis of in Vitro Microgripping Operations
Before in vivo experiments, it is necessary to plan an experimental campaign during which the device is tested in vitro. Unfortunately, the first experience showed that it is not so easy to prepare in vitro experimental tests with both artificial micro-devices and human cells or tissues. In fact, a certain amount of attention must be paid for the single preparation of the tissue samples, which requires some typical phases, such as fixing (for example, by chemical fixation with formaldehyde or other chemicals), dehydration, clearing, infiltration, embedding, sectioning and staining. Therefore, although it is relatively simple to obtain a variety of tissue samples ready for observation, it is very difficult to prepare an experiment where a gripper interacts directly with the tissues. The main problem consists of the inclusion of the device inside the tissue, which makes the fixing process very difficult to complete. For this reason, the device has been positioned over the sample coverslip, as illustrated in Figure 12 . Artificial reconstruction of the superposition of the tissue package and the microgripper blocks.
As represented in a vertical cross-section reported in Figure 13 , a 5-µm tissue layer is disposed over a 1-mm glass support and protected by a 100-µm coverslip. Then, the 40-µm device layer is positioned over the coverslip. Since the device is obtained by means of the SOI wafer, there are also a 2 µm oxide and a 400 µm silicon handling or back layer. It is very evident that with this configuration, the act of gripping is impossible to implement because the device is on a plane that is different from the tissue plane. However, there is only a 100-µm separation gap between the device and the gripper, and so, optical microscopy can handle the situation by taking multiple images with different focal lengths. In this way, both the tissue and the gripper can be observed. Of course, the above-mentioned gap will make either the device or the tissue out of focus. Figure 14 shows the histology of the left ventricle of the heart colored with hematoxylin-eosin (HE) and observed by a light microscope (Leica DRMB, Leica Microsystems GmbH, Wetzlar, Germany) with a 5×/0.12 PL Fluotar eyepiece (Leica Microsystems GmbH) (Figure 14a,b) and a 10×/0.30 PL Fluotar eyepiece (Figure 14c ). The image shows the typical structure of the myocardial tissue in which connective tissue (thin pale gray fibers) runs between the bundles of muscle cells (pink). The white space separating the bundles becomes wider than in vivo during tissue preparation. In Figure 14c , it is possible to notice the paler perinuclear region of the nuclei of the cardiac fibers, found near the middle of the cross-section. The myocardium of the left ventricle is constituted by layers of bundles of muscle cells intimately interdigitated. Therefore, when the sample of cardiac tissue is cut by the microtome, before being colored, the muscle fibers show different sizes and shapes, roughly circular in cross-sections, and elongated in longitudinal sections. The comparisons between the tissue samples and the microgripper are reported in Figures 14 and 15 (heart tissues), Figures 16 (brain tissue) and 17 (lung tissue) . Figure 15 shows the histology of the left ventricle of the heart colored with phosphotungstic acid hematoxylin (PTAH) and observed by a light microscope (Leica DRMB) with a 5×/0.12 PL Fluotar eyepiece (Figure 15a,b) , a 10×/0.30 PL Fluotar eyepiece (Figure 15c ) and a 20×/0.50 PL Fluotar eyepiece (Figure 15d ). The bundles of muscle cells are colored in dark blue. Although the device and the tissue are in different planes, as described in Figure 13 , Figure 15 offers a direct comparison of the gripper jaw opening run and of a real arteriole, which demonstrates the technical possibility, for the gripper, to clamp this kind of vessel. For convenience, arterioles are said to have a diameter of less than 100 µm. Larger arterioles have an obvious media, in which elastic fibers prevail on muscular ones, and an adventitial layer of connective tissue. The arteriole in the figure is a smaller one (the diameter is about the gripper jaws' distance, 150 µm), and has a media layer of only a few cells in thickness (thickness of 20 µm on average), in which muscular fibers prevail on elastic ones. Figure 16 shows a sample of brain tissue colored with immunohistochemistry (IHC). An antibody anti-glial fibrillary acid protein (GFAP) was used in order to identify astrocytes (brown), characteristic star-shaped glial cells involved in the physical structuring of the brain.
Finally, Figure 17 shows three images of lung tissue samples at three different focal distances. The images show the histology of the lung tissue colored with immunohistochemistry, counterstained with hematoxylin and observed by a light microscope (Leica DRMB) with a 20×/0.50 PL Fluotar eyepiece with three different foci (a, b, c) . It is possible to easily distinguish the lung's alveoli thanks to their thin wall composed of a single layer of connective tissue and numerous capillaries, also lined with single squamous epithelium. The slide shows the gripper clamping a venule of about 150 µm in diameter. 
Future Developments
In this section, some future developments concerning the next possible experimental test stands, some power supply strategies and some ethical implications are presented. These further steps will enlarge the applicative range to unusual fields, like, for example, psychology and psychophysiology. In fact, in the case of both cognitive and sensorial disabilities, the role of wearable devices could support and integrate lost sensory functions. As far as blindness is concerned, for example, they are planned to be used to construct space-maps, which help persons in motion and orientation.
Tests Development
In the further developments of the investigation, a new group of tests will be performed in such a way that the micro-device is exactly on the same plane as the tissue. One feasible way to achieve this result consists of arranging the experiments with smear tests. For example, in cytopathologic tests, the organic material is smeared across a glass microscope slide for subsequent staining and microscopic examination. With this kind of test, the interaction between the artificial craft and the tissue, or the solute cells in saline drops, can be studied to provide experimental information and feedback to improve actuation and control.
Furthermore, forthcoming prototypes will be realized by means of a more elaborated process, taking advantage of the insulator layer of silicon dioxide and of a reduced handle layer, to electrically insulate the gripper jaws.
Power Supply
It is worth noting that the required voltages and current to actuate this first prototype device are quite low. Therefore, the actual design is paving the way for a low power device that is going to be developed in the near future. In fact, starting from the present device version, a design revision is planned in order to further reduce the power consumption, thus opening the possibility to use "non-conventional" power sources. In other words, the power strategy is going to be taken into account together with the already considered kinematics and dynamics aspects for the next device realization. This approach will make the next version of the device even smaller and possibly wireless by integrating a power source based on the energy harvesting concept.
There are different power and actuation strategies, although our attention has been focused on net zero energy systems. The strategy of net zero energy is a concept that has its origin in smart architecture, and has been applied to houses and buildings (see, for example, [70, 71] ). As far as MEMS are concerned, three fundamental functions have been identified [72] , namely energy capturing, energy storage and drive actuation. Depending on the device's overall dimensions, a power source and its corresponding energy density have to be identified first. Other than combustion reactants, thin-film solid-state batteries could be used for the micro-scale or, as an alternative, thermal energy might be stored as sensible heat of a proper material. There are also other interesting alternative solutions that will be analyzed for the sake of the present application: electrochemical cells, fuel cells, elastic strain energy, kinetic energy, magnetic field and pressure differential. However, in line with the idea of adopting a net zero energy strategy, regenerative power supply systems will be preferred [73] , and so, batteries should be excluded, while micro-combustion systems, micro-turbines and heat engines could be adopted only in case they make use of waste energy. Using the same criterion, micro-fuel cells will not be considered for the sake of the present investigation, while an attempt will be made to ascertain the feasibility of solar cells, Seebeck effect-based thermoelectric systems, vibration or kinetic energy harvesting systems, some of which based on piezoelectric materials.
Ethics in the Design of Active Biomedical Devices with an Increasing Degree of Independence
One main feature of the constructed gripper is the presence of a CSFH hinge. Such a hinge will be used by the research group also for other MEMS that can be applied in the fields of biology and medicine, improving the psychological response of the patient, where MEMS have a chance to play a growing role. In fact, the possibility of using sensors and non-invasive devices seems to be one of the most important features in the process of acquiring physiological data with minimal influence on the recorded behavior [74, 75] .
Besides, the doctor-patient relationship has been regulated by ethical principles and legally binding regulations, and the employment of micro-devices in medicine will need to face the informed-consent of the patient, no maleficent action, safety in acting on the patient and safety of the materials. These are ethical themes that deserve to be investigated in a future work.
Conclusions
This paper presented the full development of a MEMS-technology-based device from its conceptual stage to the applications, considering topology conception, design, simulation, construction, testing and in vitro observation.
Comparison between experimental evidence and FEA simulation showed good agreement. The device showed promising performance in terms of kinematic behavior and energy requirements for the actuation system and applicability to various kinds of tissues. Finally, some ethical implications in the use of the device will be discussed in a future work.
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